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Abstract

In order to enhance the wind-resistance capability and achieve a lightweight design of
high-altitude unmanned airships, this study proposes a rapid optimization method for a
heterogeneous propeller propulsion system. This system integrates contra-rotating and
ducted propellers to exploit their respective aerodynamic advantages. First, surrogate
models of the contra-rotating propeller, contra-rotating motor, ducted propeller, and ducted
motor were constructed using an optimal Latin hypercube sampling method based on the
max—min criterion. Then, within the optimization framework, propeller-motor matching
principles and energy balance constraints were incorporated to minimize the total weight
of the propulsion and energy systems. A case study on a conventional high-altitude un-
manned airship demonstrates that, under the same wind-resistance capability, the adoption
of the heterogeneous propeller electric propulsion system reduces the total propulsion-and-
energy system weight by 24.94%. This method integrates the advantages of contra-rotating
and ducted propellers, thereby overcoming the limitations of conventional propulsion
architectures. It provides a new approach for designing lightweight, efficient, and long-
endurance propulsion systems for near-space high-altitude platforms.

Keywords: high-altitude unmanned airship; propulsion system; contra-rotating propeller;
ducted propeller; optimization

1. Introduction

For many years, high-altitude unmanned airships have attracted significant atten-
tion due to their exceptional endurance, broad coverage capabilities, and flexible mission
adaptability [1,2]. As a core subsystem of high-altitude unmanned airships, the electrically
driven propeller propulsion system critically influences endurance, payload capacity, and
overall system weight through its efficiency and power consumption [3]. Currently, most
high-altitude unmanned airships employ conventional propellers as their primary propul-
sion system. However, such arrangements typically suffer from limited cruise speeds and
insufficient thrust. Moreover, their power unit optimization is generally conducted under
fixed configurations, making it difficult to accommodate complex and variable operating
conditions. Furthermore, the intricate aerodynamic interactions of the propeller system and
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the high-dimensional nature of its design space pose significant challenges for achieving
rapid and efficient optimization during the preliminary design stage.

A contra-rotating propeller consists of two conventional propellers mounted on con-
centric shafts and rotating in opposite directions. Compared with a conventional single
propeller, the rear propeller recovers part of the circulation in the slipstream of the front
propeller and thus enhances propulsion efficiency [4]. The National Advisory Committee
for Aeronautics (NACA) conducted experimental studies on a contra-rotating propeller
with a diameter of 0.91 m. The results indicated that a contra-rotating propeller (with
two blades in both the front and rear propellers) achieved 0.5-4% higher efficiency than
a conventional four-blade propeller. At the same rotational speed, the contra-rotating
configuration absorbed approximately 3% more power than the four-blade propeller and
nearly twice that of a two-blade arrangement [5]. Biermann et al. [6] conducted wind tunnel
experiments on contra-rotating propellers and confirmed that the overall average efficiency
of coaxial contra-rotating propellers can be improved by approximately 3-16% compared
with single-row propellers. Mieloszyk et al. [7] applied contra-rotating propellers to the
propulsion system of a micro fixed-wing aircraft. The designed configuration success-
fully achieved the objective of eliminating the reaction torque. Nanxuan Qiao et al. [8]
optimized contra-rotating propellers using blade element momentum theory and a rotat-
ing CFD actuator disk model. They found that optimized front-rear speed distribution
increased the thrust power ratio (TPR) by up to 5.3% compared with equal-speed opera-
tion. Haoyu Zhang et al. [9] found that adjusting the rotational speeds of the front and
rear propellers can create more favorable inflow angles in the mid-span region of the rear
propeller, thereby reducing thrust loss and improving the aerodynamic performance of
contra-rotating propellers.

Ducted propellers offer distinct aerodynamic advantages over conventional propellers.
The presence of the duct modifies the slipstream, reducing tip losses and thereby improving
aerodynamic efficiency. In addition, the suction effect at the duct lip generates a low-
pressure region, producing extra thrust that allows the ducted propeller to deliver greater
propulsive force under the same power input [10,11]. Hu Yu et al. [12] analyzed and opti-
mized ducted propellers considering structural weight penalties, showing that lightweight
designs are preferable at low disk loading, while aerodynamic efficiency dominates at
high disk loading. Akturk et al. [13] used high-resolution PIV experiments to investigate
ducted propellers under hover and forward flight, showing that higher rotational speeds
enhance axial velocity, suppress separation, and improve forward performance. Akturk and
Camci [14] further examined tip clearance effects through computations and experiments,
finding that larger clearances reduce efficiency.

For the optimization design of airship propulsion systems, Chen et al. [15] proposed
the concept of the optimum power unit (OPU) for high-altitude unmanned airships, es-
tablishing a surrogate-based optimization method and employing a multi-island genetic
algorithm to minimize the total weight of the propulsion and energy systems. Similarly,
Wang et al. [16] developed an energy-balance-based optimization approach, in which sur-
rogate models of the propeller and motor were constructed and validated to minimize the
coupled weight of the propulsion and energy subsystems. Riboldi et al. [17] introduced pre-
liminary sizing techniques that integrate electric propulsion with solar energy harvesting,
aiming to achieve energy self-sufficiency while minimizing system weight for high-altitude
deployment missions. Although the OPU method has been applied to conventional propul-
sion systems, its application has been limited to single-type propeller configurations, and
studies addressing the adaptability of heterogeneous propulsion systems remain lacking.
To further address manufacturing and detectability challenges, plasma thrusters offer
the theoretical advantages of simplified construction and enhanced stealth capability by
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eliminating moving parts [18-20]. Nevertheless, their limited thrust and the complexity
of the underlying physics have confined their aeronautical applications to an early stage,
rendering them impractical for near-term stratospheric missions that require both reliability
and endurance [21]. In contrast, heterogeneous propeller propulsion systems provide a
more technically mature and operationally flexible alternative, effectively bridging the gap
between current capabilities and future advanced propulsion concepts.

This study aims to propose a rapid optimization method for determining the configu-
ration ratio of a heterogeneous propeller propulsion system for near-space applications.
The heterogeneous electric propulsion system combines the advantages of contra-rotating
and ducted propellers, thereby achieving higher propulsion efficiency, enhanced thrust
stability, and improved environmental adaptability.

This paper is organized as follows. Section 2 introduces the construction of the surro-
gate model for the heterogeneous propeller propulsion system. The design of experiments
(DOE), surrogate modeling method, and model accuracy verification are described in detail.
Section 3 presents the optimization design model of the heterogeneous propeller propulsion
system. A rapid optimization strategy is formulated, followed by the definition of the
objective function, design variables, and system-level constraints. Section 4 reports the
optimization results and provides an in-depth discussion. The optimization outcomes
of the heterogeneous propulsion system are analyzed, with particular emphasis on the
configuration ratios of power units. Finally, Section 5 concludes the paper by summarizing
the main findings.

2. Propulsion System Surrogate Model
2.1. DOE

DOE [22,23] is a critical approach for determining the initial sample points prior to
surrogate model construction. The quality of the sampling process plays a decisive role
in determining the accuracy of the surrogate model, which in turn directly influences
the performance of the optimization design. Commonly used DOE methods include
Monte-Carlo design [24], uniform design [25], Latin Hypercube Sampling (LHS) [26], and
Optimal Latin Hypercube Sampling (OLHS) [27]. Among these methods, OLHS offers
superior space-filling and projection-uniformity properties, allowing for a reduced number
of sample points without compromising sampling quality. In order to further achieve
an optimal space-filling property, Jin et al. [28] proposed an OLHS method based on the
maximum-minimum (Maximin) criterion. Due to its wide application in engineering fields,
this study employs the maximin OLHS method for the design of experiments, which
achieves both improved projection properties and superior space-filling performance [29].

The propulsion system consists of a propeller and a motor. Previous studies have
shown that the efficient design of both components plays a critical role in reducing power
consumption during flight [30]. Although separate optimization of these two components
is typically necessary due to their differing performance characteristics, the current study
does not perform direct optimization of the motor. Instead, a propeller-motor matching
strategy based on sample data is adopted to achieve overall optimal performance of the
propeller propulsion system. In this study, 60 sample points were selected for each of the
motors and propellers to analyze their respective design spaces. The selection of propeller
diameter significantly affects the propulsion system performance. A smaller propeller
diameter generally results in lower efficiency and higher power demands, thus increasing
the overall weight of the energy system. Conversely, an excessively large diameter can lead
to manufacturing difficulties and complicate the installation and arrangement of propulsion
systems on high-altitude unmanned airships. Therefore, the optimal propeller diameter
must achieve a balance among propulsion efficiency, system weight, and engineering feasi-
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bility. For the contra-rotating propeller propulsion system, the shaft power and propeller
diameter were chosen as design variables, with shaft power varying from 3 to 12 kW and
diameter ranging from 3 to 8 m. The number of propulsion units can be determined based
on actual power requirements and the unit power of individual propulsion systems. For the
contra-rotating motor, motor power and rotational speed were selected as design variables,
with power ranging from 3 to 12 kW and rotational speed varying from 150 to 900 rpm. In
the case of the ducted propeller propulsion system, the shaft power and propeller diameter
were set as design variables, with shaft power ranging from 2 to 15 kW and diameter
varying from 2 to 5 m. For the ducted motor, motor power and rotational speed were
selected as design variables, with power ranging from 2 to 15 kW and rotational speed from
500 to 1500 rpm. Figure 1 presents the distribution of sample points for the heterogeneous
propeller propulsion system.
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Figure 1. Sample point distribution of the heterogeneous propeller propulsion system. (a) Design
space of contra-rotating motor. (b) Design space of contra-rotating propeller. (c) Design space of
ducted motor. (d) Design space of ducted propeller.

2.2. Surrogate Modeling of the Heterogeneous Propeller Propulsion System

The motor surrogate model takes rotational speed and input power as inputs and
outputs the motor efficiency and weight. Three surrogate modeling techniques, namely
Kriging, response surface methodology (RSM), and radial basis function (RBF), were
applied to construct surrogate models of the motor.

In this study, five-fold cross-validation was adopted to evaluate the prediction accuracy
of the surrogate models. The dataset was divided into five approximately equal subsets.
In each iteration, four subsets were used for model training and the remaining one for
validation [31]. This approach effectively reduces the variance of error estimation while
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maintaining a relatively low bias. Moreover, the five-fold strategy significantly reduces
the computational burden while ensuring reliable evaluation quality. Table 1 shows the
average prediction error of each surrogate model. As seen from Table 1, the RSM method
exhibits the smallest average error. The surrogate models for motor efficiency and weight
constructed using the RSM method are presented in Figure 2.

Table 1. Average error of motor surrogate models.

Surrogate Model Contra-Rotating Motor  Contra-Rotating Motor Ducted Motor Ducted Motor Weight
Method Efficiency Error Weight Error Efficiency Error Error
RSM 0.001% 0.054% 0.002% 0.133%
Kriging 0.008% 0.322% 0.003% 0.302%
RBF 0.072% 2.122% 0.047% 1.827%

Figure 2. Surrogate model of the motor. (a) Efficiency surrogate model of contra-rotating motor.
(b) Weight surrogate model of contra-rotating motor. (c) Efficiency surrogate model of ducted motor.
(d) Weight surrogate model of ducted motor.

For each propeller scheme corresponding to the sampled data points, the input power
and propeller diameter are given. Engineering calculations are then carried out for contra-
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rotating propellers and ducted propellers. Since the axial flow characteristics of coaxial
contra-rotating propellers are similar to those of coaxial rotors, this study adopts the mutual
interference wake superposition model proposed by Valkov [32] for coaxial rotors. An
additional circumferential induced velocity term is incorporated to account for swirl effects,
enabling the construction of a front-rear propeller interference model. This model is cou-
pled with blade element momentum theory (BEMT) to establish the engineering calculation
method for contra-rotating propellers. For ducted propellers, an open-source engineering
analysis method developed by Mark Drela and Harold Youngren at the Massachusetts
Institute of Technology (MIT) is adopted [33]. Based on the propeller-motor matching
principle, the number of blades, chord length distribution, and twist angle distribution
are selected as design variables to optimize the entire heterogeneous propeller propulsion
system. This process achieves an optimal propeller geometry that satisfies the matching
condition between the propeller and motor. Subsequently, structural analysis is conducted
using a finite element solver on the optimized aerodynamic shape. Based on the aero-
dynamic performance and structural weight of each sample, a surrogate model for the
propeller is constructed.

To achieve sufficient predictive accuracy, the propulsion system surrogate model is
established by applying three representative surrogate modeling methods, namely the
quadratic response surface method (RSM), Kriging, and radial basis function (RBF). Five-
fold cross-validation is performed for each method, and the average prediction errors are
compared, as summarized in Table 2. The results show that the RSM method achieves the
lowest average error, and the resulting surrogate models for propeller propulsion system
efficiency and weight are illustrated in Figure 3.

Table 2. Average error of propeller surrogate models.

Surrogate Model Contra-Rotating Propeller Contra-Rotating Ducted Propeller Ducted Propeller
Method Efficiency Error Propeller Weight Error Efficiency Error Weight Error
RSM 0.636% 1.914% 1.964% 4.268%
Kriging 1.377% 4.275% 2.626% 7.167%
RBF 0.690% 1.999% 2.239% 7.268%

Figure 3. Cont.
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Figure 3. Surrogate model of the propeller propulsion system. (a) Efficiency surrogate model of
contra-rotating propeller propulsion system. (b) Weight surrogate model of contra-rotating propeller
propulsion system. (c) Efficiency surrogate model of ducted propeller propulsion system. (d) Weight
surrogate model of ducted propeller propulsion system.

3. Optimization Design Model of the Heterogeneous Propeller
Propulsion System

3.1. Rapid Optimization Design Process for Heterogeneous Propeller Electric Propulsion System

This study presents a rapid optimization design methodology to determine the optimal
configuration ratio of a heterogeneous propeller electric propulsion system for near-space
applications. First, an Optimal Latin Hypercube Sampling (OLHS) strategy based on the
maximin criterion is employed to construct the design space. For each sampled point, the
aerodynamic shape of the contra-rotating propeller is optimized using an engineering-
based analysis method to achieve the corresponding maximum aerodynamic efficiency.
Similarly, sample points for the ducted propeller are generated using the same sampling
approach, and their aerodynamic shapes are optimized via a dedicated engineering model
to obtain the optimal aerodynamic efficiencies. In parallel, surrogate models are developed
for the performance prediction of both contra-rotating and ducted motors. Based on these
models, a rapid optimization framework is established, in which the number of propulsion
units, propeller diameter, rotational speed, and motor power are defined as the design
variables. The optimization process is subject to multiple constraints, including buoyancy-
weight balance, thrust-drag balance, energy balance, and motor-propeller matching. The
objective is to minimize the total weight of the propulsion and energy systems. A multi-
island genetic algorithm is then applied to solve this mixed-integer optimization problem,
enabling the determination of the optimal configuration for the heterogeneous propeller
electric propulsion system.

3.2. Objective Function

For a high-altitude unmanned airship, increasing the number of propulsion units
reduces the input power required for each unit, thereby improving the overall system
efficiency and reducing the weight of the energy subsystem. However, a larger number of
propulsion units inevitably increases the total structural weight of the propulsion system.
Considering the wind-resistance requirements, there exists an optimal propulsion system
configuration that minimizes the total weight of the integrated propulsion and energy
system, thereby enhancing the airship’s overall performance. Based on this consideration,
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the objective function in this study is formulated as the minimization of the total weight of
the propulsion and energy system for a high-altitude unmanned airship

where 1y, is the total propulsion system weight and m,, is the total energy system weight.

3.3. Design Variables

In the optimization model of the high-altitude unmanned airship propulsion system,
six design variables are selected to characterize both the contra-rotating propeller system
and ducted propeller system. These variables cover the number of propulsion units, input
power, and propeller diameter for each propulsion type. Table 3 summarizes the definition,
notation, and units of these design variables, which serve as the decision parameters in the
optimization process.

Table 3. Design variables of optimization.

Design Variable Description Unit
N¢p Number of contra-rotating propeller units /
Py Input power of contra-rotating propellers kw
D¢y Diameter of contra-rotating propellers m
Ngp Number of ducted propeller units /
Py Input power of ducted propellers kW
Dy Diameter of ducted propellers M

3.4. Constraints
3.4.1. Motor-Propeller Matching Constraint

Motor-propeller matching ensures that the rotational speed and power output of the
motor are compatible with the operating requirements of the propeller in the propulsion
system design. The matching process begins with determining the thrust required from
each propeller based on the wind-resistance requirement. Under the given operating
conditions, the corresponding propeller rotational speed is obtained from the thrust-speed
relationship, and the propeller torque is subsequently calculated. If the torque-speed
characteristic curve of the motor at its rated voltage passes through the calculated operating
point of the propeller, the matching design requirement is satisfied.

Since the efficiency and weight of the propulsion system are derived from the surrogate
models for the motor and the propeller, the following matching conditions must be satisfied:

Constraints :  Pem_out = Pep_ins Ns_cm = Ns_cp o)
Pam_out = Pdpfin/ N5 dm = Ns_dp

where Py, out and Py, o, are the output powers of the contra-rotating motor and ducted

motor, respectively; P, ;, and Py, ;,; are the absorbed powers of the contra-rotating pro-

peller and ducted propeller, respectively; 15 o, and ns_¢p are the rotational speeds of the

contra-rotating motor and propeller, respectively; and n;_g,, and n_g, are the rotational

speeds of the ducted motor and propeller, respectively.

3.4.2. Wind-Resistance Thrust-Drag Balance Constraint for High-Altitude
Unmanned Airships

A conventional low-drag airship [34] is generally represented by a streamlined hull
formed as a body of revolution about the longitudinal axis, as shown in Figure 4. The
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relationship between its surface area, the airship length I;, and the maximum diameter d, is
expressed as:
Son = 2.33d,1, ®3)

Figure 4. Baseline low-drag airship hull shape.

The total bare-hull drag is the sum of the form drag and the friction drag, which can
be written as:
Cp =Cpy +Cp (4)

where Cpy and Cr are the form-drag coefficient and friction-drag coefficient, respectively.
For most airships, the flow over the hull is turbulent, and when Re > 5 x 100, the coefficients
can be expressed as [35]:

Coy = Cr (4A% +er 124 24/\‘2-7> -
Cr = 0.043 Re™ s

where A =1,/d, is the hull fineness ratio, and Re is the Reynolds number.
The hull drag force Dy, is then calculated as:

1
D = 5PairV*Se1Cp (6)

where p,;, is the air density and V is the freestream wind speed. Accordingly, the power
required for the airship to maintain station or cruise against wind is:

1
P, = DshV = ipuirvrjsshCD (7)

The thrust-drag balance constraint ensures that the output power of the propulsion
system, Py, is greater than or equal to the power required to overcome the wind, Py:

The propulsion system output power Py is calculated as TV, where T is the total
propeller thrust and V is the freestream wind speed.

3.4.3. Buoyancy-Weight Balance Constraint of the Airships
The total buoyant force Fy, generated by the airship is given by Formula (8),

Fop = (0air — PHe)GHe Van (8)

where p,;, is the air density, py, is the helium density, and ¢y, is the ratio of the helium
envelope volume to the total airship volume. Since p,;, and ppy, vary with altitude, they can
be determined at the station-keeping altitude H from the ideal gas law as Formula (9),

Ore Py
OHe = He ' air

= 9
RHeTem ( )
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where Ty, is the atmospheric temperature at the station-keeping altitude, P,;, is the atmo-
spheric pressure at the same altitude, Jy, is the pressure difference coefficient of the helium
envelope, and Ry, is the specific gas constant for helium.

For simplicity, the total mass of the airship mg, is defined as the sum of the structural
mass sy, the energy system mass 1y, the propulsion system mass 11, and the payload
mass 1p,, as expressed in Formula (10).

Mgy = Mgty + Men + Mpp + Mpg (10)

The structural mass of the hull varies with the layout and structural configuration of
the airship. For a simple low-drag hull, the structural mass can be estimated by:

md? 1
Mgty = Pspy <Ssh + 2> + prhssh (11)

where pg, is the density of the outer skin material and py, is the density of the internal
envelope skin material.
The energy system mass 1, is the sum of the solar cell mass m;, and the storage
battery mass m;:
Men = Mso + My; (12)

If the areal density of the solar cells is ps,, then the solar cell mass m, is given by:

WS 0

_— 13
Esun talso (13

Mso = Psosso = Pso

If the energy density of the storage battery is Ej;, then the battery mass m;; is given by:

_ Wittso_outtii _ Prtn (14)

my;
Ej; Ej;

Assuming that the airship is equipped with identical propulsion units, the total
propulsion system mass 11, can be expressed as:

Mpn = N(Mpr + Mo + Msyp) (15)

where mg,, is the mass of the propulsion support structure, which is proportional to
the number of propulsion units and the propeller diameter. N denotes the number of
propulsion units in the system

The buoyancy-weight balance constraint requires that the total buoyant force Fy,
exceeds the total weight of the airship mg,g:

Constraints : Fy, — mg,g > 0 (16)

3.4.4. Day-Night Energy Balance Constraint for High-Altitude Unmanned Airships

The long-term station-keeping capability of the airship is powered by solar cells. The
energy harvested during the day can be divided into two parts: one part is used for station-
keeping and maneuvering during the day, and the other is stored in storage batteries to
supply power during the night or under insufficient sunlight.

The solar radiation varies significantly with season and location. However, within a
specific region, the daily solar radiation is relatively constant. Therefore, for simplification,
an energy balance approach is used to estimate the solar energy production over a day-
night cycle. The diurnal variation in solar radiation intensity is illustrated in Figure 5, with
h1 denoting sunrise and /i, denoting sunset. A, represents the daytime energy per unit area
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from the solar cells allocated for storage, while A, and A, represent the energy required
from the lithium batteries during periods of insufficient sunlight at night. Es;, denotes
an average solar radiation intensity satisfying 7;,A, = Ay + Ac, where 7; is the battery
efficiency. Using this average intensity, the energy required for day-night station-keeping
can be determined [36].

Radiation intensity / Wm?

Time/h

Figure 5. Energy balance diagram of the energy system.

The daytime solar cell energy allocated to the propulsion system is calculated as:

Pyt
W, = _tintd (17)
Nso_out
where Pj, is the input power of the propulsion system, t; is the daytime duration, and
"so_out is the output efficiency of the solar cells.

The energy from the solar cells stored in the batteries is given by:

Wn _ P intn (18)
Nso_out MIi
where t, is the nighttime duration, and #; is the efficiency of the storage battery.
The total solar cell output energy required for all-day wind resistance is:
Wy =Wy + W, (19)

The total solar energy W;, absorbed to meet the day-night wind resistance requirement is:
Wso = Psotdﬂso = SsoEsuntd?]so (20)

where Py, is the solar radiation power received by the solar cells, Sy, is the solar cell area,
Esuy is the solar radiation intensity, 75, is the photoelectric conversion efficiency of the solar
cells, and t; is the daytime duration.

The day-night energy balance constraint requires that Wy, is no less than Wy,,

Constraints : Wy — Wy, >0 (21)

4. Results and Discussion
4.1. Optimization Results of a Heterogeneous Propeller Propulsion System

To validate the effectiveness of the proposed optimization method for the heteroge-
neous propeller propulsion system, a conventional propulsion configuration of a high-
altitude unmanned airship was adopted as the baseline. The heterogeneous system was
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subsequently optimized, and the resulting design parameters and the total weight of the
integrated propulsion—energy system were compared against those of the baseline configu-
ration. The design operating conditions and selected system parameters of the airship are
listed in Table 4.

Table 4. Parameters and operating conditions of the optimized case.

Parameters Description Value
H Altitude/km 20
\% Freestream wind speed/ m-s~1 30
Iy Airship length/m 120
A Fineness ratio of the airship 4
7 Ratio of helium volume to total envelope volume at 0.96

he operating altitude '

Spe Pressure difference coefficient of the helium envelope 1.05
R,y Specific gas constant of air/ ]~l<g’1 K1 287.05
Rpe Specific gas constant of helium/J-kg~!1-K~! 2077
Esun Solar radiation intensity / W-m—2 1300
Wso_in Photovoltaic efficiency of solar cells 0.28

Wso_out Output efficiency of solar cells 0.95

Psc Areal density of solar cells/kg-m 2 0.25

i Charge—discharge efficiency of energy storage battery 0.9

Ej Energy density of energy storage battery/Wh-kg ! 280

Figure 6 compares the propulsion architectures before and after optimization. In
the heterogeneous propeller propulsion system, two contra-rotating propeller units are
mounted symmetrically on the airship’s sides, while four ducted propeller units are in-
stalled at the tail. This layout was fixed a priori at the preliminary design stage based
on engineering practice and system-level constraints. Side-mounted contra-rotating pro-
peller units exploit their high efficiency-to-weight ratio and balance lateral thrust, whereas
tail-mounted ducted propellers provide strong thrust under low inflow and enhance yaw
control authority; the arrangement also mitigates side inflow blockage and concentrates
structural reinforcement at the tail for easier integration. In the baseline configuration,
six conventional propeller units are arranged symmetrically along the sides of the hull.

Conventional propulsion system Contra-rotating propeller propulsion system

propeller
propulsion -
system

Figure 6. Schematic diagrams of the airship configurations before and after optimization. (a) Baseline

configuration. (b) Optimal configuration.

As shown in Table 5, the optimized heterogeneous propulsion layout achieves a
marked mass reduction relative to the baseline. The propulsion mass decreases from
250.38 to 195.19 kg, the energy-system mass from 1629.27 to 1034.98 kg, and the total mass
from 1879.65 to 1410.93 kg. Under identical wind-resistance conditions, the total weight is
reduced by about 468 kg relative to the baseline, representing a 24.9% decrease. This improve-
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ment is driven by a lower shaft power together with a modest increase in total disk area, which
reduces power loading and hence induced power. Physically, the contra-rotating propellers
recover wake swirl and diminish rotational kinetic losses, while the ducted propellers sup-
press tip-vortex leakage. The contra-rotating and ducted units act synergistically to reduce the
average power demand without compromising maneuverability. Within an energy-balance
framework, the resulting gain in propulsive efficiency directly reduces daytime photovoltaic
and nighttime battery requirements, explaining the larger decrease in energy-system mass.
Overall, the heterogeneous arrangement minimizes the coupled propulsion—-energy mass
while maintaining robust aerodynamic performance for stratospheric station keeping.

Table 5. Comparison of propulsion system parameters between baseline and optimal configurations.

Parameter Unit Baseline Configuration Optimal Configuration
Number of conventional propulsion units, N / 6 /
Number of contra/rotating propeller units, N, / / 2
Number of ducted propeller units, Ny / / 4
Diameter of conventional propeller, D m 5.0 /
Diameter of contra/rotating propeller, D, m / 7.1
Diameter of ducted propeller, Dy m / 3.8
Power of conventional propeller, P kW 14.0 /
Power of contra/rotating propeller, P, kW / 14.27
Power of ducted propeller, P; kW / 6.67
Total weight of propulsion system, n,, kg 250.38 195.19
Weight of energy system, 1, kg 1629.27 1034.98
Total weight of propulsion and energy systems, 11, kg 1879.65 1410.93
Reduction in total weight compared with baseline Y% / 24.94

4.2. Analysis of Power Unit Configuration Ratios

For various configuration ratios of contra-rotating propeller units and ducted propeller
units, the propulsion system weight, propulsion system efficiency, energy system weight,
and the total weight of the combined propulsion-energy system were calculated. The
configuration schemes and corresponding results are presented in Table 6.

Table 6. Power unit configuration schemes of the airship and comparison of system weights
and efficiencies.

Contra-Rotating Ducted Propeller Total Propulsion Propulsion System Total Energy System Progl‘:lt:iloivzlfclllt}izfergy
Propeller Units Units System Weight (kg) Efficiency (%) Weight (kg) Systems (kg)

2 2 360.09 68.09 1090.68 1450.77

2 3 373.62 67.10 1053.48 1427.10

2 4 375.95 65.77 1034.98 1410.93

4 2 422.21 71.73 1124.53 1546.74

4 3 430.28 68.35 1039.69 1469.97

4 4 437.37 67.93 1019.64 1457.01

6 2 492.59 71.59 1042.10 1534.69

6 3 486.89 69.29 1029.51 1516.40

6 4 501.05 69.89 1008.21 1509.26

According to the results in Figure 7, the number of ducted propeller power units
has a significant impact on the performance indicators of both the propulsion and energy
systems. Specifically, Figure 7a shows that as the number of ducted propeller units increases,
the total weight of the propulsion system in all contra-rotating propeller configurations
generally increases, with the most pronounced change observed in the six-unit contra-
rotating system. Figure 7b indicates that propulsion system efficiency decreases with the
increase in ducted propeller units, primarily because ducted propellers are mounted at the
tail of the airship, where the incoming airflow velocity is relatively low, leading to reduced
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efficiency. Figure 7c illustrates the variation in total energy system weight, which decreases
significantly as the number of power units increases; the reduction is particularly notable
in the six-unit contra-rotating system. This reduction is attributed to the decreased energy
demand per unit when the load is distributed among more power units, thus optimizing the
energy system configuration. It is worth noting that when the number of contra-rotating
propellers remains unchanged, the total weight of the energy system decreases as the
number of ducted propellers increases. This weight reduction is achieved because the
ducted propellers exhibit a higher thrust-to-power ratio compared with contra-rotating
propellers. Consequently, to generate the same thrust, ducted propellers require less shaft
power, thereby lowering the demand on the energy storage system. According to the
optimization results, the thrust-to-power ratio of the contra-rotating propeller is about 1.5,
whereas that of the ducted propeller is about 2.5. Figure 7d illustrates the combined
weight of the propulsion and energy systems, indicating that the configuration comprising
two contra-rotating propeller units and four ducted propeller units yields the minimum
total weight, thereby representing the most favorable overall performance.
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Figure 7. Variations in propulsion/energy system performance indicators with different power unit
configurations. (a) Total propulsion system weight. (b) Propulsion system efficiency. (c) Total energy
system weight. (d) Total weight of propulsion and energy systems.

5. Conclusions
This study presented a novel rapid optimization method for heterogeneous propeller
propulsion systems of high-altitude unmanned airships. The main findings are as follows:
1. A fast optimum power unit design method was established, which combines contra-
rotating and ducted propellers to minimize the total weight of the propulsion and
energy systems under energy balance constraints.
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2. The results demonstrate that heterogeneous propulsion configurations can simulta-
neously reduce energy system weight and improve propulsion efficiency, thereby
enhancing the overall endurance capability of high-altitude unmanned airships.

3. Parametric analysis indicates that the optimal allocation of contra-rotating and ducted
propeller units plays a decisive role in achieving system-level weight reduction, and
the optimization framework enables efficient identification of such configurations.

In summary, the research confirms that incorporating energy balance into the rapid
optimization of heterogeneous propulsion systems is an effective approach for achieving
lightweight, high-efficiency, and long-endurance performance in high-altitude unmanned
airships. The proposed method offers both accuracy and computational efficiency, mak-
ing it suitable for practical engineering applications and providing valuable insights for
the design of future near-space platforms. Nevertheless, several limitations should be
acknowledged: (1) the energy balance model adopts average solar input without consider-
ing seasonal and geographical variations; and (2) the methodology is primarily intended
for preliminary design optimization. Once a preliminary configuration is determined,
further refinement through high-fidelity aerodynamic modeling, structural analysis, and
experimental testing will be required to achieve detailed engineering design.
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